Transport is an important feature of the CCS process as the CO 2 quality requested by pipelines may influence the choice of the capture technology and its limit performance requirements. So, the knowledge of the thermodynamic properties of CO 2 -mixtures has an important role, however a suitable equation of state under the appropriate conditions for pipeline transport has not been clearly defined yet. In this paper different equations of state for predicting densities of CO 2 and CO 2 mixtures have been analyzed and compared with experimental data found in literature or obtained by authors performing specific laboratory p-ρ-T measurements.
Introduction
Transport is important in the framework of the CCS process, which, indeed, is sometimes indicated as the CCS&T (Carbon Capture, Storage and Transportation) process. In fact, the power and industrial production plants that are large producers of CO 2 are normally located a long distance from the CO 2 storage locations and the captured CO 2 has to be transported from the point of capture to the storage site.
Different transport solutions are available, the main ones being pipelines and ships, for which high density and purity are recommended. Furthermore, for safe final storage a CO 2 concentration > 95,5% is required [1] . Therefore transport can also influence the choice of the capture technology in terms of CO 2 concentration and the kind of impurities it contains.
In this work our attention was focused on pipelines, where CO 2 will most likely be transported in the "dense" phase (above the critical pressure and under the critical temperature).
To understand the thermodynamic properties of different CO 2 -mixtures and the interactions between the CO 2 and other components which can be present in the gaseous stream (i.e. N 2 , H 2 , O 2 , CH 4 ), the study of the Equations of State (EOS) is extremely important.
In literature many references are available on CO 2 and CO 2 mixture EOS [2, 3, 4, 5] , nevertheless a suitable equation of state for mixtures in appropriate conditions for pipeline transport, in particular with a high CO 2 concentration, has not been clearly defined yet as reported in [6] .
The aim of this work is to highlight the crucial working conditions necessary for CO 2 transport by pipeline and compare the reliability of different EOS for predicting the densities of the CO 2 and binary CO 2 mixtures in such conditions.
In particular, we have compared the cubic equations (Peng Robinson and Redlich-Kwong-Soave) and more complex equations (Benedict-Webb-Rubin-Starling, Wagner models) with p-ρ-T experimental data (see Table 1 ).
The comparison has been made with the commercial simulation software Aspen Plus © .
CO 2 conditions for transport by pipelines
CO 2 can be transported in pipelines in all of its physical states, however its gas density is very low and the gas phase needs equipment capable of carrying large volumes, which is not very convenient. Thus CO 2 transport in a liquid or supercritical phase is preferable, in particular at a pressure greater than critical pressure (P c ) and at room temperature (lower than T c ). Under these conditions the CO 2 is in a "dense" phase (see Fig. 1 ) and exhibits a low viscosity and a density similar to a liquid.
In order to avoid pipeline stress, the pressure should not be too high. Therefore CO 2 will most likely be transported in the range of 80-130 bar.
Moreover, to avoid two-phase flow, it is necessary to repump the CO 2 whenever the pressure falls to near P c . Therefore, it is essential to study the pressure drop and the density variation along the pipeline.
In order to evaluate the above-mentioned stream characteristics, pipeline simulations have been made with different commercial softwares: Aspen Plus and Aspen Hysys licensed by AspenTech and Olga licensed by SPTgroup.
The density results obtained with Aspen Plus (using the Peng-Robinson equation and the SpanWagner equation [2] ) and Olga (using the Span-Wagner equation) for pure CO 2 were similar.
With regards the CO 2 -mixtures, some convergence problems were encountered using the AspenTech softwares assuming different EOS.
Therefore a comparison of different EOS with experimental data was necessary to identify which equations better predicted the CO 2 and CO 2 -mixture density under pipeline-transport working conditions, to overcome the problems previously described.
EOS comparison with literature experimental data
The experimental data reported in Table 1 were compared with the density value calculated by different EOS included in the Aspen Plus database [7] .
The equations of state analyzed for pure CO 2 and for CO 2 -mixtures are reported in Table 2 . To better compare the different models, some dimensionless parameters were taken into account: the relative deviation (RDρ), the average deviation (Biasρ), the absolute average deviation (AADρ), and the maximum deviation (MAXDρ): where ρ calc is the calculated density by EOS, ρ exp is the experimental density and N is the number of experimental data.
Results and discussion

Pure CO 2
On the basis of the available data, the EOS comparison was made for different regions (see Fig. 1 ): the vapour region [11, 13] , gas region [10, 11, 12] , dense region [11] , supercritical region [10, 11, 12] and phase equilibrium [9, 13] .
Each EOS showed similar behaviour in the vapour and in the gas region, even if the relative deviation in the latter region was slightly higher.
The RKS and its modifications exhibited the same behaviour and tended to underestimate the experimental value, while the PR and its modifications, BWRS and LK tended to overestimate it. Furthermore, the two latter equations had a higher relative deviation near the critical point.
The REFPROP model had good accuracy in the density prediction; the relative deviation was lower than 0.5% in the vapour region and 1.2% in the gas region.
In the dense region, almost all equations predicted the density with significantly less accuracy. The worst were the PR and its modifications (except PR-BM equation), the RKS and its modifications (except RKSP and RKSP-TWU equations) that often had errors higher than 10%, in particular near the critical temperature, where they even arrived at 25%. The PR-BM, RKSP and RKSP-TWU equations predicted the experimental data better, in fact their AAD were around 3,5%. The LK equation and REFPROP model had the lowest relative deviation (<1.5% for the former and <0.5% for the latter).
On the contrary, the worst prediction of density in the supercritical region was reported by the RKSP and RKSP-TWU equations, while the PR and its modifications predicted the experimental data better (AAD < 3.8%). Again LK equation and the REFPROP model showed the lowest relative deviation.
The PR, PR-MC, PR-TWU, RKS, RKS-TWU and REFPROP fitted the experimental data on the saturated liquid density very well: the maximum deviation was 0,09% for the last one and 0,9% for the others. The LK showed a low deviation (AAD < 1.6%), except that for few data.
PR-BM, RKSM, RKSP, RKSP-TWU and BWRS, in particular near the critical point, predicted density with less accuracy.
The bias, the AAD and the maximum deviation of each EOS are displayed in Fig. 2 and it is evident that the REFPROP model, where the Span-Wagner equation for CO 2 is implemented, predicted the experimental data in a good way in every region analyzed. Considering the other equations, instead, there is no good global model and each EOS has regional advantages and disadvantages. In addition the different alpha function does not improve the behaviour of cubic equations, only the PR-BM showed a better density prediction respect to other PR equations, except in the phase equilibrium. 
CO 2 -mixtures
The available experimental data from literature are related to CO 2 -N 2 and CO 2 -CH 4 mixtures. The comparison of the EOS was made considering different temperatures, pressures and compositions. The interaction parameters used are that reported by default in the Aspen Plus database [7] . As regards the CO 2 -N 2 mixture, comparing the EOS results with the experimental work of [16] , almost all cubic equations and the LK equation showed a deviation increase when the CO 2 concentration (x CO2 ) increases: for the PR the AAD was 3.8% at x CO2 =0.1 and 7.9% at x CO2 =0.9, for the RKS it was 1,4% and 10%, for the RKSM it was 2.8% and 6.7%, for RKS-MHV2 it was 1,8% and 5,2%, for the RKSP it was 1.4% and 3.8% and for LK it was 0,4% and 7%.
The other equations seemed less influenced by the composition changes and, in particular, BWRS and the GERG-2008 equations reported a better accuracy on density prediction, the former had an AAD between 1.5% and 2.5% and the latter between 0.1% and 0.3%.
However the EOS comparison with the experimental work of Arai et al. [14] did not indicate a similar composition influence for cubic equations, even if it was necessary to consider that the lowest CO 2 concentration was 0.4%. Furthermore, in this case, the GERG-2008 model exhibited a higher deviation: Bias ρ = -1.4%, AAD ρ =1.5% and MAX ρ =4.8%.
According to both experimental works, increasing the pressure increases the deviation, in particular operating over the critical pressure of pure CO 2 . The mixtures (especially those with a high CO 2 concentration) are probably in the supercritical phase near this pressure value.
This deviation increase is significant for PR, RKS, RKSP and LK equations. The results obtained from the different experimental works [14, 15] for the CO 2 -CH 4 mixture were comparable. The BWRS and GERG-2008 equations seemed to better predict the mixture density with, respectively, a bias of <3% and < 1%. However, the GERG-2008 model had a MAXD ρ =3%, much lower than the other equations, but not negligible. Again, the deviation increased over the CO 2 critical pressure.
A separate analysis had to be done for the phase equilibrium. For CO 2 -N 2 mixture the RKS and its modifications showed a lower accuracy, in particular RKS and RKSM, for the former ΑΑD ρ =7.6%, for the latter AAD ρ =5.5%. For CO 2 -CH 4 mixture, above all for the density prediction at the bubble point, the cubic equations with different mixing rules (PR-MHV2, PR-WS, etc.) showed the worst behaviour.
The GERG-2008 equation, although it gave better results than the others, exhibited much higher deviations than in the other regions with a MAXD ρ = ~ 7% for CO 2 -CH 4 and a MAXD ρ = ~ 8% for CO 2 -N 2 .
This EOS comparison for CO 2-mixtures had showed that there does not seem to be an equation that can reliably predict the mixture density. The GERG-2008 model had the lowest deviations, however they were not negligible, in particular in the phase equilibrium.
The PR-BM equation and the RKSM equation predict the density better than the standard equations, except that in the equilibrium phase. The different mixing rules applied to cubic equations do not seem further improve the behaviour of the above mentioned equations.
The relative deviations of the experimental data at conditions that could easily be found in pipeline transport are reported in Figs. 3-4 . Fig. 3 . Relative deviation of the CO2-CH4 mixture density at xCO2=0.98 [15] for different cubic equations. 
Experimental work
As the experimental data of the CO 2 mixtures containing O 2 , Ar, SO 2 , CO and H 2 are limited [6] , even if such impurities can be present in the CCS processes, an experimental campaign has been organized in collaboration with LEAP (Energy and Environmental Laboratory of Piacenza).
Besides to obtain more experimental data on CO 2 mixtures, this experimental work aims to further investigate the ability of EOS to predict density of these kind of mixtures.
The experimental campaign provided to determine the p-ρ-T data of some CO 2 mixtures, in particular CO 2 -O 2 mixtures with a CO 2 concentration of 85% and 95% at 273 K, 283 K and 293 K from 1 up to 20 MPa, with an Anton Paar DMA 512-HPM vibrating tube densimeter.
The obtained experimental data are reported in Table 3 . The EOS, among of those previously analyzed that, in general, seemed to better predict the CO 2 -mixtures density, were chosen for the comparison with the experimental results: PR, PR-BM, RKSM, BWRS, LK, GERG-2008.
The comparison results evidenced that for all equations the deviation increased when the temperature increased and for PR, PR-BM and BWRS the deviations increased decreasing the CO 2 concentration.
In the vapour region the deviations were extremely lower (< 4%) than in the liquid phase for all equations (i.e. 10% for RKSM at T= 20°C and x CO2 =95%), except that for the GERG-2008 model which predicted the liquid density with the lowest AAD respect to other equations (< 1% at x CO2 =95% and < 4% at x CO2 =85%), .
LK, PR-BM and PR showed also a relatively good reliability. An example of the comparison of EOS with some experimental data are displayed in Fig. 5 . 
Conclusion
Considering pure CO 2 the Span-Wagner equation showed the lowest error in the density prediction in every region analyzed. Considering CO 2 -mixtures, the EOS comparison with literature experimental data showed that there is not an equation that can reliably predict the mixture density experimental data. The GERG-2008 model had the lowest deviations, however they were not negligible, in particular in the phase equilibrium.
Therefore to obtain more experimental data on CO 2 mixtures and to further investigate the ability of EOS to predict density, an experimental campaign has been organized in collaboration with LEAP.
In this paper the p-ρ-T experimental data of CO 2 -O 2 mixtures obtained at different CO 2 concentrations and temperatures with an Anton Paar DMA 512-HPM vibrating tube densimeter were reported. In the vapour region the EOS showed a similar behaviour, whereas in the liquid region the density prediction was worse, except that for the GERG-2008 model. However also PR-BM equation reported a density prediction quite acceptable.
